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Abstract 
Considerable recent  progress has been achieved in 
Fg12 detector  fabrication technology and amplification 
electronics. An energy resolution of 198 e V  (FWHM) 
has been obtained for the Mn k ,  line of S.9 keV in a 
practical  x-ray probe without the use of cryogenic 
cooling. Detectors prepared with Parylene-C 
encapsulation have demonstrated perfect reliability in 
two-year tes ts  under high vacuum, and temperature  and 
bias cycling. Other YgI detectors  were used to  
demonstrate proton radyt?on dam age resistance to 
levels of 10’’ protons/cm a t  10.7 M e V .  
Introduction 
A key element in x-ray spectroscopy systems, 
particularly for  arrays of light elements,  i s  the quality 
of the energy dispersive detector.  A system energy 
resolution of 140 t o  200 eV (FWPM) a t  5.4 keV is 
typically required depending on the application. To 
da te ,  this ordinarily has required the use of 
cryogenically cooled silicon or germanium x-ray 
detectors.  Recent work has shown tha t  the energy 
resolution for a mercuric iodide (HgI ) spectrometer can 
approach tha t  of silicon or germ aniu; spectrometers.  
A major advantage to the use of a HgI system in 
many applications is that  it does not  rzquire liquid 
nitrogen for cooling (1-3). It is this advantage tha t  has 
led to  a program to evaluate and develop such a 
system for the Scanning Electron Microscope and 
Particle Analyzer ( S E V  P A )  instrument (4,5,8) being 
developed for N A S A ’ s  Mariner Mark I1 Comet 
Rendezvous/ Asteroid Flyby Mission (6). This mission 
has a planned duration in excess of seven years and 
thus makes considerable demands on long term 
reliability of t he  spacecraft  a s  well a s  science 
instruments such a s  S E M P A .  A t  the  s t a r t  of the 
program the ult imate ability of HgI detectors  to  meet 
both the S E M P A  resolution requirzment (200  eV) and 
the longevity requirement was quite uncertain. 
Significant progress has been achieved in HgI 
detector  performance through improvements both iz 
fabrication technology and low noise amplification 
electronics. Significantly improved spectral  response 
has been achieved with the introduction of a guard-ring 
detector  contact  and a collimating metal  shield close in 
front of the detector.  Especially a t  high count ra tes ,  
these two advancements have minimized noise 
contributions from charge generation and collection in 
regions with weak electr ic  fields (2,7). Reduction in 
preamplifier electronic noise has been achieved through 
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utilization of newly developed FET structures  made by 
the Interfet  Corporation. One new FET,  type 
SNJI4L03, has a geometry with a bet ter  figure of 
merit (Le., the  ratio of transconductance to input 
capacitance,  g /C . )  for low capacitance detectors  and 
thus gives low&? d i s e  for our application. 
Spectral Resolution 
The SEMPA laboratory research prototype, shown in 
Figure 1, has been a test-bed for the evaluation of 
improvements to practical detector  systevs.  The x-ray 
probe system used for ult imate resolution tes ts  is in 
the lower left  par t  of Figure 1. The details  of the 
probe system a re  shown schematically in Figure 2. 
H g I Z  detector  used. had an active area of 5 m m  . Tv 
Figure 1. The SEM PA (Scanning Flectron Vicroscopf 
and Particle Analyzer) laboratory research prototype. 
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I t  was moimtd  1 0  m m  from the target  and intercepted 
0.05 steradian solid angle. The detector  leakage 
current  was less than 0.1 pA and the detector  
capacitance was less than 1 pF. The system uses a 
single s tage thermoelectric cooler to  reduce the '  
detector  temperature to about 0OC. The preamplifier 
input F E T  is cooled t o  about -40OC with a three s tage 
thermoelectric cooler. The detector  is protected from 
backscattered 1 5  keV electrons by an R pm R e  window. 
The detector  system is exposed to the vacuum 
environment of the S F V  colu n. The typical system 
operating pressure of 3 x lo-' Torr is achieved by a 
liquid nitrogen trapped diffusion pump. In this 
thermoelectrically cooled Hg12 spectrometer  system a 
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Figure 2. General configuration of t he  HgI detector  in 
the  SEM PA instrument. 
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2 Figure 3. Manganese spectrum taken with the HgI SEM PA prototype detector .  
best-ever, total  resolution of 1 9 8  eV ( F W H M )  was 
obtained for the 5 . 9  keV line of Mn, Figure 3. The 
electronic noise contribution for this system was about 
152 e V  ( F W H M )  measured by pulser method. The main 
amplifier was a Tennelec TC244. The triangular 
shaping mode was chosen with the peaking t i m e  of 
28.4 p s. 
Detector Encapsulants 
Proper Hg12 surface passivation and device 
encapsulation a re  cri t ical  for insuring long term 
detector  reliability. Although unprotected m ercuric 
iodide crystals do not exhibit gross short  or long t e r m  
effects  when exposed to  norm a1 laboratory storage 
environments, various gases,  vapors, and particularly a 
vacuum environment, can rapidly, adversely affect  
detector  performance. Several excellent protective 
surface t reatments  have been identified to  date.  The 
materials which have undergone initial development and 
testing a re  silicones, acrylics such as  Conap CE-1170 
and polymethylmethacrylate (PM MA),  and Parylene ( a  
IJnion Carbide product). 
Some room temperature  curing silicone compounds 
that  worked well in a laboratory atmosphere provided 
l i t t le  protection against Pg12 evaporation in the 
vacuum, perhaps because the vacuum removed moisture 
from the compounds. Some coatings, especially 
acrylics, which a r e  applied in a solution and harden 
with solvent evaporation, have proven to be chemically 
compatible with HgI and an excellent barrier to  HgI 
evaporation. Howe?er, applying an appropriately thi: 
coating to  a detector  from any solvent based system 
was found to be  impractical  for two major reasons: 
First, most solvent based systems have the problem 
tha t  HgI is significantly soluble in the solvent. 
Second, it" was difficult  to  control the thickness of t he  
coating so that ,  simultaneously, t he  coating over the 
act ive area was thin, while the coating a t  the edges 
was thick enough t o  prevent evaporation. The solubility 
of the HgI resulted in the applied coatings always 
containing 2small amounts of HgI tha t  produce 
noticeable x-ray absorption. Typically; the difficulty in 
thickness control resulted in detectors  t ha t  had 
significantly reduced low energy sensitivity due to  
excess coating thicknesses on the active areas,  but 
were still poorly coated a t  the edges (2). 
Parylene coatings have several desirable attr ibutes,  
including their method of application, polymerization 
and deposition from a vapor, which allows for a very 
uniform and well controlled coating thickness even in 
submicron layers. Corners and edges a re  typically 
coated to the same thickness a s  a re  open surface areas. 
The low atomic number of some Parylenes make them 
useful a s  x-ray transparent windows. The most 
extensively tes ted has been polym erized dichloro-di-1,4 
xylylene (Union Carbide Parylene-C). Tests of coating 
performance have included storage of coated HgI 
crystals a t  elevated temperatures  (75OC to 80°Cf 
dipping in KI solutions, and many months operation in a 
vacuum. These test have clearly demonstrated that  
this material  is chemically compatible with HgI and an 
excellent barrier to  Hg12 diffusion and 'external 
corrosive materials. 
Initial Parylene-C t e s t s  were performed on units 
whose coatings were applied by vendors, including the 
Union Carbide Service Center,  in San Diego, CA. 
These initial tests were sufficiently promising to  
warrant building a small scale  coating system for  our 
laboratory tha t  would allow optimization of t he  coating 
process and properties for  this application. After some 
initial f ine tuning, the system consistently produces 
water-clear coatings tha t  appear superior to  coatings 
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which are  routinely obtained from commercial vendors. 
A practical therrnal/vacuum process for HgI crystal 
coating was developed to minimize exposure? of the 
Hg12 crystals to  the vacuum before initiation of the 
polymer deposition. Early coating tes ts  showed that  
exposure of the HgI to  the vacuum longer than 20 t o  
25 minutes prior t2 polymer deposition could lead to 
degraded final detector  performance. A simple laser 
interferometer  system has been developed to  help 
control the thickness of the deposited layers. 
As a check on reliability, in addition to  visually 
examining the quality of tes t  coatings under the 
microscope, tests for pin holes and permeability have 
been performed using a KI etching solution (potassium 
iodide solutions a r e  extremely corrosive t o  Hg12). A 
number of detectors  with Parylene-C c o a t i y s  were 
immersed in a 10% KI  solution kept a t  75-80 C. The 
thicknesses of the Parylene coatings ranged from 2 t o  
4 LIm. After about one month, the solution was 
checked and determined to  be over 40% KI, due to 
evaporation. The crystals were protected by the 
coating and no effects  were found within this period of 
more than one month. An uncoated crystal would 
completely dissolve in a few minutes. 
Recently we have s tar ted experimentation with other 
Parylenes because of the  x-ray attenuation of Parylene- 
C. The chlorine content  of the 2 micron thickness of 
Parylene-C produces an undesirable 10% attenuation of 
x-rays a t  2.8 keV as well as significantly increasing 
attenuation a t  energies below 2 keV. Parylene-N 
(polymerized di-para-xylylene) contains no chlorine and 
so produces less x-ray attenuation for a given thickness. 
Because Parylene-N has significantly different 
evaporation/polymerization properties than -C, a new 
deposition process is being developed to produce the 
optimum protective coatings. Tests similar to  that  
used for evaluating Parylene-C will be used with the  
new coatings. 
Longevity Test 
The long-term stability of the detectors  i s  an 
important criterion in all applications, especially space 
missions. During the CRAF mission, the  SEMPA 
instrument will be operating to  perform x-ray analyses 
only a small fraction of the  time. During flight from 
ear th  t o  the comet  (several years) the instrument will 
be  idle. However, during the ent i re  mission, the 
instrument will be under vacuum conditions and exposed 
t o  thermal cycles induced by sun exposure and from 
other  nearby science instruments being turned off and 
on. These storage and cycling conditions led us t o  a 
detailed evaluation of the durability of Hg12 detectors. 
In order to  de tec t  any inherent failure mechanisms in 
the detectors ,  we have remeasured the characteristics 
of Hg12 x-ray detectors  tha t  had been fabricated a s  
long as seven years previously in the very ear ly  s tages  
of HgI development a t  the University of Southern 
Califorr?ia (USC). These HgI detectors  had not been 
stored under any controlled cznditions, but were simply 
kept in plastic boxes in the laboratory. W e  found that  
the  energy resolutions of all detectors  tended to 
improve slightly with age and storage t i m e .  The 
results seem to be  evidence that  there  is no internal 
degradation mechanism a t  work in the Hg12 crystal 
itself, over a t i m e  period of seven years. These 
detectors  had all been protected by acrylic and/or 
silicone coatings. The apparent improvements in 
performance a re  probably due t o  improvements in the 
electronics used for the measurements. 
For comprehensive testing of detectors  and 
encapsulants under vacuum and/or therm a1 cycling 
conditions, a special apparatus with four s e p r a t e  
detector  chambers was constructed. Fach chamber 
houses a detector  and the preamplifier input field 
e f fec t  transistor, each at tached to a separate  
thermoelectric coolers. All of the tes t  chambers a r e  
connected to a common turbomolecular and ion pump 
manifold to achieve clean vacuums to  Torr, or 
equivalent to conditions in the SFM PA instrument. 
For the past two years, four detectors  encapsulated 
with Parylene-C, applied by a commercial source, have 
been undergoing testing in this system. The coating 
thicknesses a r e  estimated to  be  about 4 p m. These 
detectors  have also undergone bias cycling due to  power 
failures at a ra te  of about once per month. Figure 4 
gives a summary of energy resolution tes t s  conducted 
a t  the Institute of Physics, IJSC. The tes ts  on 
detectors  Nfi-9F7 (in chamber #1) and N3-1F2 (in 
chamber # 2 )  star ted in December 1986. The tests on 
detectors  NF-9F8 (in chamber #3)  and N3-1F1 (in 
chamber #4)  started in November 19Rfi. We have been 
monitoring the detectors'  stability performance by 
measuring their energy resolution for the Mn k, line, 
the electronic noise (pulser width) and their peak-to- 
background ratios. Curves I t o  4 in Figure 4 show the 
energy resolution versus t ime for detectors  WJG-9F7, N3- 
1F2, N6-9F8 and N3-lF1, respectively. There have 
been no noticeable changes in the parameters of tested 
detectors. Certain variations in the results, which are 
greater  than expected from statistics, a r e  attributable 
to  changes in the ambient temperature  and the lack of 
stabilization of this  parameter in our present system. 
nuring a one week short-term test, resolution was 
observed to vary about 35 e V .  This variation could 
only h e  caused by system calibration errors, ambient 
temperature  changes, and changes of the amplifier and 
cooling power supplies between measurements. From 
Figure 4 w e  can see that  the long-term resolution 
variations of four detectors  were not far  beyond these 
short-term resolution changes, and tha t  there  is no 
clear systematic trend. Tests on these four detectors  
a r e  still continuing. 
Detector N3-1F2 (in chamber #'2) and detector  N6- 
9F8 (in chamber # 3 )  were also subject to  temperature  
cycling during part of the  two-year tes t  period. Two 
chambers were provided with external heaters  in order 
to keep the  temperature  of the  chamber body a t  about 
4OoC. Detectors were cooled with Peltier e lements  to  
about -20OC. A simple on/off programmable timer 
periodically switched power to  the Peltier coolers, 
causing very rapid detector  temperature changes 
between +40 and -20OC. The intervals of power on and 
off were from 1 t o  2 hours. The actual detector  
temperatures  changed between extremes in 1 t o  2 
minutes. These temperature  extremes were chosen to 
approximate the  limits which will be experienced by the  
SEIlPA base plate during the C P A F  mission. The 
results of this experiment, which was carried to  300 
cycles, a r e  presented in Table I. As can be Seen from 
the table, there  were no significant changes in the 
detectors'  performance. Three hundred such 
temperature  cycles exceeds the anticipated number of 
those cycles for  the SEMPA instrument during the 
C RAF mission, and the tern perature changes in the 
mission a r e  expected to be  more gradual and, therefore, 
less stressful for the detector. 
The S E M P A  x-ray probe system also serves to  test 
the durability and longevity of HgI detectors  used in 
its routine operations. Routine inztrum ent  operations 
subject the detector  to  temperature, pressure and bias 
cycling tests, some of which a r e  unintentional. After 
over one year of testing, the  performance of a RgI 
spectrometer is unchanged, showing energy resolution 03 
about 200 e V  (FWFM) for  the Mn Ka line. The 
de tec to r  is still undergoing continuous testing in the 
SEM PA instrument a t  the .Jet Propulsion Laboratory 
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Figure 4. The long-term energy resolution variation for  
four tested Hg12 detectors.  The energy resolution 
(FWHM) was measured for the Mn k, line. Curves 1 t o  
4 correspond to detectors  in chambers #1  t o  #4, 
respective1 y: 
de t ec to r  can he  damaged to  a point that  i t  is no longer 
useful. 
There is l i t t le  data  in the l i terature  on radiation 
damage of Hg12 x-ray detectors.  Some very 
preliminary results were obtained with gamma detectors  
by Recchetti et. al .(  9 ) .  Recently, we have performed 
some initial, controlled tests of mercuric iodide x-ray 
detectors  t o  assess their  vulnerability to  proton 
radiation. 
2 x-ray For that  purpose six medium quality HgI detectors  protected by PM M A coatings were selected 
and their characterist ics (leakage current,  F W H M  of Fe- 
55 x-ray line, electronic noise, peak t o  valley ratio of 
x-ray line, etc.) were measured before the irradiation. 
A l l  tes ts  were done using the same resistor feedback 
preamplification system. Optimum electronic noise 
level and energy resolution were not primary 
considerations in these initial tests. The detectors  
were exposed to an external beam of 10.7 M e V  protons 
from the Argonne National La oratory accelerator,  t o  
fluences up to  1012 protonslcm', t o  see a t  what point 
changes in detector  performance could be observed. 
The fluences were accumulated during periods lasting 
several minutes and represent the worst case for 
potential detector  damage. IIsually during transit  in 
space, t he  r a t e s  of irradiation from cosmic rays a re  
much lower, and the detector  may be  self-annealing 
during tha t  period. Within one t o  two weeks a f t e r  the 
irradiations, t he  same characterist ics were measured 
again. Table I1 l ists  parameters measured before and 
a f t e r  each detector 's  irradiation. From these results, it 
is c lear  that  all six detectors  survived the irradiation 
T A B L E  I 
DETECTOR TEMPER-YC L I NG R E S U L T S  
TARLE I 1  
LIST OF DETECTOR PARAMETERS B E F O R E  
DATE R E  SOLIJT I O N /  # OF CYCLFS 
PULS E R /  RAT I O *  AND AFTER PROTON IRRADIATION - 
DETECTOR N3-1F2 n e t . #  D o s e *  R e s o l u -  P u l s e r * P K / F K R * L e a k a g e *  
0 8 / 0 3 / 8 7  3 4 8 / 2 9 6 / 1 5 1  0 CYS t i o n *  
1 2  CYS B e f o r e  B e f o r e  R e f o r e  R e f o r e  0 8 / 0 5 / 8 7  3 8 2 / 2 9 5  / I  5 3  
0 8 / 1 3 / 8 7  3 6 7 / 2 9 0 1 1 5 4  60 C Y S  A f t e r  A f t e r  A f t e r  A f t e r  
0 9 / 2 1 / 8 7  3 6 3 / 2 9 1 / 1 3 1  3 0 0  CYS N8-8F3 6 . 6 ~ 1 0 ~  394 3 1 1  4 6 : l  0 . 3  
0 8 / 2 6 / 5 7  3 5 4 1 2 ~ 6 1 1 5 1  * * i s n  CYS 
4 0 9  370 4 3 : i  1 . 3  
DETECTOR N6-9FR 
E11-5LF3 6 . 6 x 1 0 9  472  3 6 6  6 6 : l  4 . 0  0 8 / 0 3 / 8 7  2 9 P / 2 5 9 / 2 9 4  0 CYS 
0 8  1 0 7 1 8 7  2 9 R l 2 5 8 1 2 3 8  
O A / 1 3 / 8 7  2 9 5 / 2 4 8 / 2 6 1  5 CYS 
0 8 11 7 / 8 7  3 0 1 / 2 4 8 / 2 4 3  1 0  CYS 
8 CYS 4 9 6  369  6 7 : l  2 . 3  
N13-6F1  4 . 8 ~ 1 0 ' "  490 4 2 8  1 9 3 : l  7 . 7  
0 8 / 2 4 / 8 7  2 9 8 / 2 4 3 / 3 5 6  1 A  CYS 4 2 6  350 2 4 8 : l  4 . 8  
0 9 / 0 1 / 8 7  2 9 9 / 2 4 9 / 2 5 3  **72 CYS 
1 2  11-12 187 3 0 3 / 2 4 5 / 2 4 5  300 CYS 
0 9 / 1 4 / 8 7  2 9 2 / 2 4 3 / 2 4 5  1 5 0  CYS SE-2SF5 4 . 8 ~ 1 0 "  4 8 3  436  2 1 5 : l  0 . 2  
4 9 1  409 1 9 6 : l  0 . 1  
* RESOLUTION OF Mn-ka LINE (FWHFNn) IN ( e V ) /  N 8 - 8 F 2  4 7 3  4 3 7  1 5 2 : l  0 . 8  
PULSER WIDTH (FWHM) IN ( e V ) /  4 5 9  380 22O:l 0 . 8  
K 7 - l l D F 2  1 0 1 2  532  385 l f i 5 : l  4 . 0  
P E A K  TO R A C K G R O U N D  R A T I O .  
* *  FULL CYCLE WAS CPANRED 51.12 394 1 5 2 : l  3 . 9  
FROM 4 JTOIIRS TO 2 HOIJRS . 
* D o s e :  p r o t o n s / c m 2  
R e s o l u t i o n :  Mn-k, l i n e  (FWHM) i n  ( e V )  
P u l s e r :  p u l s e r  w i t h  (FWHM) i n  ( e V )  
P K / R K G :  p e a k  t o  b a c k g r o u n d  r a t i o  
L e a k a g e :  l e a k a g e  c u r r e n t  ( P A ) .  
Radiation Damage of Hg12 Detectors 
Radiation damage to  semiconductor detectors  is 
known to occur during space flight. Over a multi-year 
mission, the accumulated damage from cosmic rays and without any appreciable change in their performance. 
their  products can result  in changes in the operating The small observed changes can b e  explained in terms 
properties of solid s t a t e  detectors.  In severe cases the of variations in the test conditions. 
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In some space applications, the  expected accumulated 
doses could be even higher than the above doses. It 
will be important, therefore ,  t o  extend the fluences and 
energies t o  which the HgI? x-ray detectors  are tested 
for  radiation dam age susceptibility. Because ten M e V  
protons represents the  low energy range of cosmic rays, 
it would be extremely interesting to  study the e f fec ts  
of irradiating detectors  with higher energy protons a s  
well as with other types of radiation tha t  may have 
different effects. 
Conclusions 
All of the  experimental and test results described in 
this paper have shown tha t  Hg12 detectors  a r e  suitable 
for the ordinary requirements of energy dispersive 
detectors  in x-ray spectroscopy systems. The Hg12 
detectors  have shown excellent durability during two- 
year longevity tests under difficult conditions. 
Detectors have also shown impressive resistance to 
proton irradiation damage. Energy resolution 
measurements bet ter  than 200 eV in a practical, 
noncryogenic detector  system represent the achievement 
of a major milestone, and help confirm the feasibility 
of utilizing HgI detectors  for  applications requiring 
good energy reso3ution at x-ray energies from 1 t o  10 
ke V. 
The research work on improvements in FgIZ detector  
fabrication and amplification electronics must continue. 
W e  expect to achieve improved low energy detector  
response by using thinner coatings of protective 
encapsulants of lower atomic numbers. The long-term 
life testing will also be  repeated with t h e  new coatings. 
Bias cycling and extended range t e m  perature cycling 
are planned. Longer exposures and higher proton 
energies for radiation damage testing a re  planned in the 
next  phase of this project. 
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